Insects respond to microbial infection by the rapid and transient expression of several genes encoding antibacterial peptides. In this paper we describe a powerful technique, two-dimensional difference gel electrophoresis, that, when combined with mass spectrometry, can be used to study the immune response of Drosophila melanogaster at the protein level. By comparatively analyzing the hemolymph proteome of 2,000 third-instar Drosophila larvae, we identified 10 differential proteins that appear in the fruit fly hemolymph very early after an immune-challenge with lipopolysaccharides. These proteins can be assigned to the immune response, because they are not induced after sterile injury. Reduction of intergel variability or quantification problems related to conventional two-dimensional electrophoresis and improvement of image analysis were achieved by the use of two fluorescent dyes to label the two different protein samples. Some of the immune-induced proteins, such as thioestercontaining protein 2, can be assigned to specific aspects of the immune response; others were already reported as being involved in stress response. An immune-induced protein (CG18594) is homologous to a mammalian serine protease inhibitor that mediates the mitogen-activated protein kinase and the NF-B signaling pathways. In addition, a number of proteins that had not been associated with the immune response before were isolated and identified, and some of these were still present in the hemolymph 4 h after injury. Determining the function of all of these immune-induced proteins represents an exciting challenge for increasing our knowledge of insect immunity.
I
nsects are particularly resistant to microbial infections, although they do not have an acquired immune system that is capable of specifically recognizing and selectively eliminating foreign microorganisms and molecules (i.e., foreign antigens). The defense system of insects consists of different innate reactions. Innate immunity is based on the recognition of microbial molecules, such as lipopolysaccharides (LPS) and peptidoglycans, by specific receptors and the subsequent activation of the cellular response, which includes phagocytosis and encapsulation, and the humoral response. Immediately after septic injury, the insect fat body (a homologue of the mammalian liver) and some blood cells start to produce a battery of potent antimicrobial and antifungal peptides (1) . These molecules are released into the blood, where they synergistically act to destroy the invading microorganisms. Many induced antimicrobial molecules are apparent in the hemolymph only 4 h after infection.
Innate immunity, which refers to the first-line host defense against the early phase of microbial infection, is an evolutionarily ancient defense mechanism. Quite recently this first-line defense received renewed attention. The similarities between the human and Drosophila immune cascades introduced Drosophila melanogaster as a model system to study the biochemical pathways and all the components involved in innate immunity. In the last few years, studies were focused on the expression of these antimicrobial molecules, of which seven have been characterized. At least two pathways are involved in the Drosophila immune response (2) . Recent genetic and molecular work has led to a detailed characterization of these pathways. The Toll signaling pathway, which controls the defense against fungal or Gram-positive bacterial molecules, was identified because of its parallels with the cytokineinduced activation of NF-B in mammals (3, 4) . The immune deficiency pathway, which is involved in the expression of most of the antibacterial peptide genes, mediates the defense against Gramnegative infections (5, 6) .
The humoral reactions involve several proteolytic cascades. The D. melanogaster genome contains 34 antimicrobial peptideencoding genes belonging to eight families and a large number of putative protease-encoding genes (7) . Lectins or other molecules playing a role in recognition, phagocytosis, or antimicrobial activity may be present in the hemolymph. The Drosophila genome possesses at least three Gram-negative bacteria-binding proteins (8) , but they do not appear to be induced after infection. On the other hand, two uncharacterized genes encoding short proteins with partial similarity to Drosophila Gram-negative bacteria-binding proteins are up-regulated after septic injury (9) . Furthermore, the Drosophila genome encodes at least 12 peptidoglycan recognition proteins; transcripts of several peptidoglycan recognition protein genes have been found in hemocytes (10) . Transferrin genes, which are involved in iron transport and protection against iron overload in the diet, appear to have an additional role in innate immunity, because they are also induced during septic injury (9) . Finally, a microarray study of the Drosophila immune response not only revealed the involvement of the above mentioned immune response genes but also showed the involvement of a large number of genes with unknown function in the immune response (9) . Although the multifarious power of genomics may reveal several aspects of innate immunity and genetic approaches have elucidated many components belonging to the Drosophila immune response, there are still many missing factors. Upon the completion of the Drosophila genome, the proteomics approach offers possibilities for (i) uncovering additional components that support immune processes and (ii) revealing the functions of genes predicted to be involved in the immune response.
Our present knowledge of the Drosophila immune response is mainly based on studies showing that the involved genes are transcriptionally modified after infection. However, it is important to understand that mRNA-based approaches measure message abundances and not the actual proteins, the real mediators of physiological functions. In addition, mRNA-based approaches cannot be used for fluids, such as the hemolymph. Because hemolymph is important for insect survival against invading microorganisms, we have analyzed the earliest changes of the hemolymph proteome of Drosophila larvae after challenge with LPS or pricking with sterile needles. In contrast to studies using microarrays, in which the total gene expression profile after infection is analyzed, we are interested in how infection affects the secretome of already synthesized proteins in the hemolymph. We used two-dimensional difference gel electrophoresis (2D-DIGE), a fluorescence-based method that increases the power of the proteomics technique by allowing two different protein samples tagged with two distinct fluorescent dyes to be run on the same gel. Such an approach enables a rapid screening for differences in hemolymph protein profiles between naive and immune-challenged Drosophila. The differential hemolymph proteins were subsequently identified by scanning the Drosophila genome database with mass spectrometric data.
Materials and Methods
Animals. D. melanogaster were kept in 250-ml bottles containing 70 ml of water, 17 g of sucrose, 0.45 g of yeast, 0.9 g of agar, 0.5 ml of 8% Nipagin, and 0.36 ml of propionic acid.
Preparation of Protein Samples. In the first experiment, Ϸ160 third-instar larvae of D. melanogaster were pricked with needles dipped in a solution containing 0.3% LPS (Sigma; LPS from Escherichia coli serotype O55:B5) and 1% ethanol. Twenty-five minutes after induction of each larva, the hemolymph was collected with microcapillaries under a binocular microscope. The hemolymph (12 l) was suspended in 55 l of a lysis solution (4°C) consisting of 7 M urea, 2 M thiourea, 4% (wt͞vol) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 40 mM Tris, 1% (wt͞vol) DTT, and a mixture of protease inhibitors (Complete protease inhibitor, Roche Diagnostics). The suspension was sonicated and centrifuged (Biofuge 13, Heraeus) for 12 min at 13,000 rpm and 4°C. Next, the supernatant was desalted by dialysis. The small volume of our sample and the fact that collecting hemolymph is very labor-intensive made the use of microdialyzers (PlusOne Mini Dialysis Kit, Amersham Biosciences) necessary. The protein content in the supernatant was determined by Bradford's method (11) . Generally, we collected Ϸ180 g of protein. The control sample, containing hemolymph of Ϸ160 naive Drosophila larvae, was treated the same way as described above.
For each condition, 90 g of the sample was labeled with propyl-Cy3 or methyl-Cy5. To determine and exclude nonspecific labeling, both a ''forward'' (test proteins labeled with Cy3, control proteins labeled with Cy5) and a ''reverse'' (test proteins labeled with Cy5, control proteins labeled with Cy3) labeling were done. The synthesis of the fluorescent dyes was performed as described by Van den Bergh et al. (12) . Because only 1-2% of the lysine residues in the proteins are fluorescently marked, the solubility of the fluorescent proteins is not influenced during electrophoresis. After addition of the dyes, the hemolymph samples were incubated in the dark at room temperature for 45 min to improve labeling of the protein.
A second control experiment was performed to distinguish immune-induced proteins from injury-or stress-response proteins. For this purpose, Ϸ160 third-instar larvae of D. melanogaster were pricked with sterile needles. Twenty-five minutes after induction of each larva, the hemolymph was collected and treated the same way as described in the first experiment. The control sample contained hemolymph of Ϸ160 naive Drosophila larvae.
A third proteomic experiment was performed 4 h after challenge with LPS to investigate whether the instantly released proteins were still present in the hemolymph. The experiments were conducted as described above.
Two-Dimensional Electrophoresis. For isoelectric focusing (IEF), the test sample (containing hemolymph of infected or sterile-pricked larvae) labeled with propyl-Cy3 and the control sample labeled with methyl-Cy5 were mixed and solubilized in rehydration solution {7 M urea͞2 M thiourea͞4% (wt/vol) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate͞orange G͞0.3% immobilized pH gradient (IPG) buffer}. The final volume of the mixture was 350 l. For the reverse labeling, the same instructions were followed during the protocol. These mixtures of sample-containing rehydration solution were applied in strip holder channels. The solubilized proteins were loaded onto 18-cm linear IPG strips, pH 4-7 (Amersham Biosciences). IEF was performed with the IPGphor system (Amersham Biosciences) at 20°C and 50 A per IPG strip as follows: 5 h at 30 V, 5 h at 60 V, 1 h at 300 V, 1 h at 600 V, 1 h at 1,000 V, 1 h at 3,000 V, and 6-8 h at 8,000 V. The strips were focused for a total of 70,000 V⅐h. After IEF, the strips were equilibrated for two intervals of 15 min in equilibration buffer containing 6 M urea, 50 mM Tris⅐HCl, 0.07% SDS, and 30% glycerol, pH 7.6. For the first equilibration step, we added 1% DTT (wt͞vol) to reduce cystine bridges. Thereafter the proteins were carbamidomethylated with 4% (wt͞vol) iodoacetamide.
The equilibrated IPG strips were placed on top of a 1.5-mm-thick SDS͞polyacrylamide gel [11.5% T (total monomer); 2.6% C (crosslinker)] and run in the Ettan Daltsix system (Amersham Biosciences). Electrophoresis was carried out at 20°C as follows: 1 h at 600 V, 8 mA per gel, and 10 W and overnight at 600 V, 16 mA per gel, and 15 W. After electrophoresis, the gels were rinsed in a solution of water containing 5% acetic acid and 50% methanol.
Gel Imaging and Image Analysis. For fluorescent gel imaging, we used a home-built imager as developed and described by Van den Bergh et al. (12) . Briefly, the gels were illuminated with the excitation wavelength of Cy3 (540 Ϯ 20 nm) immediately followed by the excitation wavelength of Cy5 (635 Ϯ 20 nm). Both illuminations had an acquisition time of Ϸ10 min. Fluorescent imaging was done with a double wavelength band-pass emission filter (587.5 Ϯ 18.5 nm; 695 Ϯ 30 nm) and a liquid nitrogen-cooled charge-coupled device camera.
False-colored gel images were constructed by combining the protein patterns of the Cy3-and Cy5-labeled samples of the same gel. After adjusting the intensities of both images, we constructed an overlay image in which the yellow spots refer to proteins present in equal amounts in both gels and the reddish or greenish spots refer to proteins with a higher expression level in the Cy3-or Cy5-labeled condition, respectively. IMAGEMASTER 2D ELITE 3.1 image analysis software (Amersham Biosciences) was used for quantitative analysis of the possibly differentially expressed proteins. The spots were detected manually on the images. Identical spots of two images of the same gel were placed in identical pixel positions. After choosing one reference gel, the spots were matched automatically across gels, and the background was subtracted manually. The spots were normalized by using the mean spot volume of three unchanging spots in the two conditions. A Wilcoxon matched-pairs signed-ranks test was performed to analyze whether the observed differences were statistically significant.
Detection of Separated Proteins by Silver Staining and Trypsin Diges-
tion. After 2D-DIGE imaging and analysis, the gels were poststained to facilitate manual spot cutting by means of the silver nitrate method according to Schevchenko et al. (13) . Differential spots were localized on the gel by comparing the silver-stained spot pattern with the 2D-DIGE protein pattern of the same gel. They were excised with a sterile scalpel in a laminar flow to prevent contamination with keratin. Identical spots in different gels were pooled to have sufficient amounts of protein for identification. The protocol followed to remove the silver ions and to digest the proteins is described in Vierstraete et al. (14) . In brief, silver ions were removed with 30 mM potassium ferricyanide and 100 mM sodium thiosulfate (15) . For dehydration and reswelling of the gel pieces, acetonitrile and 50 mM ammonium carbonate were used. Enzymatic digestion (overnight at 37°C) was performed with a solution containing 5 ng͞l trypsin (Promega) in a digestion buffer (50 mM ammonium carbonate͞5 mM calcium chloride). The resulting peptides were extracted once with 80 l of 50 mM ammonium carbonate (30 min) and two times with 80 l of 50% acetonitrile and 5% formic acid (30 min).
MS.
Mass spectrometry was performed on a Bruker (Billerica, MA) Reflex matrix-assisted laser desorption ionization time-of-flight mass spectrometer operated in the positive-ion mode. Instrument settings, calibration methods, and sample preparation were as described in Vierstraete et al. (14) .
Proteins were identified in the Drosophila genome database through peptide mass fingerprinting by using the programs PRO-FOUND (The Rockefeller University, New York) and MASCOT (Matrix Science, London) (16, 17) . One missed cleavage per peptide was allowed, and an initial mass tolerance of 0.1 Da was used in all searches. Carbamidomethylation of cysteines was set as a fixed modification.
In cases where peptide mass fingerprinting was not sufficient to identify the protein in a database, nano-liquid chromatography͞ mass spectrometry was performed as described (18) . The fragmentation spectra of the tryptic peptides of a protein were subjected to a MASCOT search to identify the protein.
Results and Discussion
In the first experiment, three pools of D. melanogaster larval hemolymph proteins were collected 25 min after challenging with LPS and three pools of hemolymph proteins of unchallenged larvae were pairwise compared. In the control experiment, we compared three pools of Drosophila larval hemolymph proteins collected 25 min after challenge with sterile needles with three pools of hemolymph proteins of naive flies. The comparisons were consistently conducted on a single 2D-DIGE gel, elegantly excluding otherwise inevitable intergel variability. Each pool represents hemolymph proteins of Ϸ160 larvae; thus, Ϸ2,000 larvae were needed in the first two experiments. For the forward labeling, hemolymph proteins of pricked (LPS or sterile) larvae were marked with propyl-Cy3 and those from naive larvae were marked with methyl-Cy5. A reverse labeling was also performed to avoid false-positive results. In total, we ran 12 gels and obtained 24 images.
After imaging, the Cy3 and Cy5 images were false-colored in red and green, respectively, and an overlay image was obtained. The differential protein profiles of larval hemolymph proteins are shown in Figs. 1 and 2 . Each figure represents the forward labeling (the reverse labeling is not shown). Only those spots that showed differential coloring (reddish or greenish) in both the forward and reverse labeling reaction were considered to contain differentially occurring proteins. In this way, 23 spots were found to contain differential proteins in the first experiment (LPS-challenged versus controls). A Wilcoxon matched-pairs signed-ranks test confirmed statistically significant differences in fluorescence level (P Ͻ 0.05) for 16 protein spots. All these proteins appeared more abundant in hemolymph of challenged Drosophila larvae. In the control experiment (sterile-pricked versus controls) we examined the differences in fluorescence level for these 16 protein spots. Five protein spots (T2, T3, T8, T13, and T16) could not be detected at all in the control experiment, which means that the corresponding proteins are secreted only after challenge with LPS or that the protein levels in naive and sterile-pricked larvae are very low. The Wilcoxon matched-pairs signed-ranks test confirmed statistically significant differences in fluorescence level (P Ͻ 0.05) for only 6 (of 11) protein spots.
Only those spots that have a significantly higher level of fluorescence in the LPS-challenged condition (Exp. 1) and that are not significantly differential in the sterile-pricked condition (Exp. 2) can be associated with the immune response, except for spot T15, for which the spot volume is significantly lower in sterile-challenged larvae; therefore, its corresponding protein is immune-induced as well.
Most of the proteins could be identified in the Drosophila genome database through peptide mass fingerprinting. Where required, nano-liquid chromatography͞tandem mass spectrometry was used to confirm protein identity by partial amino acid sequencing, as we did for spots T1, T2, T3, and T8. A list of the identified proteins is given in Table 1 . The ratio (T͞C) of the normalized spot volume of two differently colored fluorescent signals in challenged (T) and naive (C) larvae is also presented in Table 1 .
Proteins Already Associated with the Immune Response. Spot T13, which contains thioester-containing protein (TEP) 2, which is known to be up-regulated after infection, illustrates the power and efficiency of the 2D-DIGE technique. The family of TEP genes is represented in many metazoa from Caenorhabditis elegans to humans. In the Drosophila genome, four TEP-encoding genes have been identified, and three of them (TEP 1, 2, and 4) are upregulated during septic injury and fungal infection (9, 19) . TEPs display substantial structural and functional similarities, including the highly conserved thioester motif, to both a central component of the mammalian complement system, factor C3, and a widespread protease inhibitor, ␣ 2 -macroglobulin (20) . In vertebrates, the complement system mediates inflammatory reactions, opsonization of microorganisms for phagocytosis, and direct killing of some pathogens. Anopheles gambiae TEP 1 serves as complementlike opsonin and promotes phagocytosis of some Gram-negative bacteria in a mosquito cell line (21) . In Anopheles, particular TEPs were strongly induced during bacterial infection, and the parasite Plasmodium caused a sustained induction throughout its life cycle in the vector (22, 23) . The presence in Drosophila and Anopheles of several proteins with structural characteristics similar to those of complement component C3 suggests a common evolutionary pathway. Protein identity, gene name, SWISS-PROT or TrEMBL accession number, protein family, National Center for Biotechnology Information accession number, peptides matched (p.m.), theoretical isoelectric point (pI), and molecular mass are indicated. For each statistically significant differentially expressed protein, the average ratio (T͞C) of the normalized spot volumes of the fluorescent signals in challenged (T) and naive (C) larvae is presented. The protein spot numbers (corresponding with Exps. 1 and 2) are indicated on the 2D-DIGE images in Figs. 1 and 2 . SMP, senescence-marker protein; RfaBp, retinoid and fatty-acid-binding protein; cofilin_ADF, cofilin-actin depolymerizing factor; Hfi, hydroxypyruvate isomerase; GIP, transient receptor potential locus C protein (precursor); A2M, ␣2-macroglobulin; adh_short, short-chain alcohol dehydrogenase; Asp, aspartatic protease; AhpC͞TSA, alkyl hydroxyperoxide reductase and thiol-specific antioxidant; -, no significant change.
We also observed an increase of actin-5C in the hemolymph of challenged larvae; this protein is one of the two cytoskeletal proteins. Courgeon et al. (24) already demonstrated the increase of actin synthesis after short hydrogen peroxide treatment or other stress situations such as anoxia or ethanol treatment. Later, functional genomic analysis of phagocytosis established the participation of actin cytoskeleton regulation proteins in innate immunity (25) . In addition, we also observed a higher amount of the actinbinding protein Twinstar involved in actin polymerization and͞or depolymerization.
Instantly Released Immune Proteins. The protein encoded by the CG18594 gene is much more abundant in larvae induced with LPS. This protein is homologous to the mammalian phosphatidylethanolamine-binding protein (PEBP). PEBP is expressed in a wide range of tissues but was originally isolated as a cytosolic 21-to 23-kDa protein from bovine brain and binds hydrophobic ligands, in particular phosphatidylethanolamine (26) . Putative PEBP homologues have been identified in a variety of organisms, including Drosophila, C. elegans, and Saccharomyces cerevisiae; the parasites Plasmodium, Onchocerca volvulus, and Toxocara canis; and the flowering plants Arabidopsis and Antirrhinum (27) . Here, we show that the homologous Drosophila CG18594 protein is actually expressed. Despite their widespread occurrence, in most cases the physiological role of these proteins is poorly understood. Recently, however, the mouse PEBP has been described as the prototype of a novel family of serine protease inhibitors with inhibitory activity against thrombin, neuropsin, and chymotrypsin (27) . Interestingly, the human PEBP was described as a Raf-1 kinase inhibitor that modulates the mitogen-activated protein kinase-signaling cascade (28) as well as the signaling by the NF-B pathway (29) . NF-B is required for the up-regulation of a large number of genes in response to inflammation, viral and bacterial infection, and other stress stimuli (30, 31) . Our study suggests that the Drosophila homologue of mammalian PEBP (CG18594 protein) is an additional evolutionarily conserved mediator of the immune response, forming part of a similar pathway in Drosophila. The fact that the yeast homologue TFS1 (25 suppressor 1) acts as an inhibitor of proteolytic activity (32) is in favor of this hypothesis. Moreover, the increased presence of the Drosophila PEBP homologue in immunechallenged larvae is in complete agreement with our recent identification of 1-lysophosphatidylethanolamine as an antimicrobial compound in the housefly Musca domestica (33) .
The highest difference observed was for spot T16, which contains an alcohol dehydrogenase. Because of this remarkable increase after infection, we suggest that alcohol dehydrogenases might be involved in the Drosophila defense mechanism.
Another significant differentially occurring protein in infected larvae was retinoid and fatty-acid-binding protein (RfaBp). RfaBp plays a role in Drosophila development. It is interesting in this context that RfaBp is reported to be the only gene up-regulated during both hypoxia and anoxia. ‡ We also found that regucalcin͞senescence-marker protein was induced in the hemolymph during infection. Its sequence shows a high similarity with the anterior fat body protein of Sarcophaga peregrina. This anterior fat body protein is expressed in the anterior pair of fat body lobes of last-instar larvae and in larval hemocytes, and it interacts with the hexamerin receptor (34) .
Furthermore, glutathione S-transferase, with its important physiological role in the detoxification of lipid peroxidase products in Drosophila and other organisms, was more abundant in hemolymph of infected larvae than in controls. Singh et al. (35) suggested that the enzyme plays a protective role against deleterious effects of oxidative stress. Glutathione transferases form one of the three major families that are primarily responsible for metabolic resistance to insecticides (36) .
Also, the secretion of ferritin in hemolymph is up-regulated after infection. Ferritins are iron-storage proteins, and our previous study showed that they are abundantly present in hemolymph of Drosophila third-instar larvae (14) . The presence of putative NF-Blike binding sites (37) is in agreement with our results and indicates that insect ferritins, like vertebrate serum ferritin, play a role in the immune response. So far, only the induction of transferrin genes had been demonstrated after infection (9, 38) .
Finally, the amount of glyoxylate-induced protein-like protein, which belongs to the family of hydroxypyruvate isomerase proteins, also increased after infection.
Instantly Released Wound Proteins. Pricking the larva with a needle causes a severe injury to the animal. Therefore, it is likely that some of the increased proteins have nothing to do with the immune response, but are only part of the stress͞injury response. Those proteins, which are significantly more abundant in both the LPSchallenged flies as well as in the sterile-pricked flies, are probably players in the early stress͞injury response. This is the case for a glutathione transferase encoded by the CG6776 gene and for actin-57B, which is encoded by one of the four muscle actin genes (39) . Three other spots, which are also more abundant in hemolymph of sterile-pricked larvae, contain fructose-bisphosphate aldolases. These are enzymes involved in glycolysis. Studies performed in Drosophila larvae concerning the effect of dietary carbohydrates and ethanol on the expression of genes encoding aldolase demonstrated that nutritional conditions had little or no effect on transcript levels of fructose-bisphosphate aldolases (40) . Therefore, it is not likely that the higher levels of fructosebisphosphate aldolase are caused by an increased uptake of food after infection. Surprisingly, a fourth spot containing aldolase that is induced in LPS-challenged larvae is not significantly more abundant in sterile-pricked larvae. It is probable that the fluorescence signal is too close to the background to obtain a significant result.
Differential Proteins 4 h After Immune Challenge. In our third experiment (Table 1) , we examined the hemolymph proteome 4 h after challenge with LPS. Significant differences in fluorescence level (P Ͻ 0.05) were detected for 11 protein spots. With respect to the 25-min time point, the amounts of regucalcin and actin-5C, which were already up-regulated in the hemolymph shortly after infection, further increased considerably. Ferritin is also still present in the hemolymph in equal amounts compared with the 25-min time point. In addition, a shifted spot, indicative of a posttranslationally modified form, was detected. Although some protein spots were no longer differential after 4 h, a few new differential spots were observed. A 15-fold increase was observed for fat body protein 2, an alcohol dehydrogenase similar to the one identified in the 25-min experiment (41) . Another differential protein spot contains peroxiredoxin, which may play a role in eliminating peroxides generated during metabolism. Other enzymes more abundantly present 4 h after infection are enolase, which is involved in glycolysis, and an aspartic protease. Only one larval serum protein 2 was less abundant in the hemolymph 4 h after infection with LPS.
The data of the 4-h experiment suggest changes at the gene expression level for the identified differential proteins. However, microarray studies (9, 19) did not indicate changes in mRNA quantities for these proteins. This lack of change could be explained by the fact that these studies were performed on adults instead of larvae (present study).
Remarks. The actual pI of a protein may often differ from that calculated from the database-stored sequence, mainly because of posttranslational modifications. The molecular mass values observed on the 2D gel are approximate values, because the resolving power of the gel is limited. For instance, the apparent masses for both T3 and T13, are remarkably lower than the computed masses. It is plausible that T3 and T13 contain only a fragment of the identified protein, in particular because the identification of these two spots was based on tryptic peptides, all of which corresponded to the same part of the full amino acid sequence. Spots T13, T3, and C23 were identified based on tryptic peptides originating from regions between residues 488-779, 598-699, and 415-612, respectively. We ignore whether fragmentation was caused by in vivo biological processing or protease activity during sample preparation.
Conclusion
We have identified proteins in D. melanogaster that appear early in the hemolymph after immune-challenging with LPS. So far, mRNA-based approaches have revealed differential transcripts only after 1.5 h or longer. Our comparison of hemolymph protein profiles very early after immune challenge indicates that immune challenging also affects the release of specific proteins from their storage sites. This presently identified secretome is most likely the very first line humoral defense before the induction of the biosynthesis of immune response proteins͞peptides.
In addition to known or predicted immune response proteins (TEP 2, actin-5C, Twinstar, and ferritin), previously uncharacterized proteins involved in the immune system were identified in this study. These proteins include an alcohol dehydrogenase, retinoid and fatty-acid-binding protein, a regulcalcin homologue, glutathione S-transferase, a glyoxylate-induced protein-like protein, and a CG18594 protein, which has not been isolated or studied before in Drosophila. Its increased presence after infection, together with the identification of its putative affinity ligand (phosphatidylethanolamine) as an antimicrobial compound and the fact that its mammalian counterpart influences the signaling of the immune response mediator NF-B, is strongly indicative for a role of CG18594 in the Drosophila immune response. Hence, we named this protein Drosophila instantly released immune protein or dIRIP.
We introduced an approach for studying the Drosophila immune response, and the presently identified proteins (such as TEP 2 and PEBP) validate the efficiency of this technique. Furthermore, the reproducibility and power of 2D-DIGE is confirmed by the second experiment, which shows that every increase in protein level triggered only by sterile pricking is also found in the hemolymph of LPS-challenged larvae. Five instantly released proteins are still differential 4 h after infection (some in higher concentrations), suggesting that their synthesis is induced after infection. Therefore, this technique will be useful for analyzing the changes in the cellular expression of immune proteins. The comparative proteomic analysis of flies in which immune key regulators are inactivated will also help to further characterize the role in innate immunity of the identified proteins. In addition, genetic mutants for each of the various identified immune proteins can be generated, and their phenotypes can be analyzed. Finally, the comparison of the present dataset with similar studies on other organisms will also be valuable.
With the described proteomic tool, we now have the opportunity to study the expression levels, structures, modifications, and interactions of immune response proteins not only in Drosophila but also in other species for which genome information is available. Finally, this study will lead to a comprehensive understanding of innate immunity.
